This paper presented a methodology for the design of heat insulations used in cryogenic tankers. This insulation usually comprises a combination of vacuum and perlite or vacuum and superinsulation. Concretely, it is a methodology to obtain the temperatures, heat fluxes, and so forth. Using analytical tools has been established, which is based on the equivalence with an electric circuit, and on numerical tools using finite elements. Results obtained with both methods are then compared. In addition, the influence of the outer finish of the external part, due to the effect of the solar radiation, is analyzed too, and the equations to determine the maximum time available to transport the cryogenic liquid have been established. All these aspects are applied to a specific cryogenic commercial vehicle.
Introduction
A main aspect of any type of cryogenic device is the heat insulation of its content. The case of a cryogenic tanker for liquefied gases is not an exception so during the design stages, it is necessary to carry out a detailed study and analysis of the thermic phenomena that take place during the use of the tanker. It is also necessary a thermic analysis to choose and to dimension correctly the insulation used in the zones between the two main parts of the tanker so as to reduce the heat flux, with the resulting heating of the load, and to allow a higher storage time [1] ; this aspect involves that the vehicle has a higher range distance. On the other hand, if heat losses are reduced, the energy needed in the discharge point to cool the gas is lower and appears an energy benefit [2] .
Nowadays, the thermic analysis that some vehicle designers of the main manufacturing companies make has a low precision and is based on some coarse simplifications of the problem, so the results have low precision [3] .
This paper explains some techniques to make a thermal analysis of these types of vehicles, using analytical and numerical tools.
The main thermal insulation methods used in the cryogenic industry [4, 5] are based on the combination of vacuum and superinsulation (based on the Dewar flask) and vacuum with expanded perlite. The use of one or another technique depends on some aspects: economical, manufacturing, gas transported, and so forth.
Another aspect analyzed is the maximum range time to make the transport, depending on some aspects like the weather, wind, external temperature, filling grade, and so forth. All these aspects are dealt theoretically and applied to a commercial cryogenic tanker.
Heat Transmission Methods
There are three different heat transmission mechanisms: conduction, convection, and radiation.
Conduction.
Conduction is the energy transmission method based on the transmission of the energy between adjacent molecules; it is the heat transmission method of the solids and has not influence in the other states of the material 2 Advances in Mechanical Engineering (liquid and gas). The Fourier law (see (1) ) with the thermal conductivity constant ( ) defines it [6] as follows: cond = Δ .
(1)
2.2.
Convection. It appears in the liquids and in the gases, and it is due to the particle movement associated with the variation of its temperature and its density. This phenomenon depends on the fluid characteristics; if the fluid has a movement related to the tanker, then a forced convection appears, and in an other case a natural convection occurs. Both can be laminar or turbulent, depending on the Reynolds number (Re).
In this case, the convection transmission appears only in the exterior surface of the outer main part of the tanker, and (2) , with the thermal convection coefficient (ℎ ), defines it [6] as follows:
Before the beginning of the calculation of the convection coefficient, the Nusselt number (Nu ) must be introduced; it relates the convection flux with the conduction flux in a fluid [6] :
where is the characteristic length that for this case is the total length of the vehicle. In this case, the natural convection is quite difficult to obtain using experimental and theoretical tools, but it can be approximated as the natural convection of a horizontal cylinder with a diameter , so (4) and (5) are obtained [6] as follows:
where Pr is the Prandtl number Gr is the Grashoff number, is the gravity, env is the environmental temperature and ext is the temperature of the exterior surface. The main problem of these equations is that Gr depends on ext , which is an unknown factor, so it must be estimated initially. The real value can be obtained later using iterative calculus. For the forced convection, the Nusselt number can be obtained using [6] and the obtained values for the study case is show in Table 1 Nu = 0.664 ⋅ Re 1/2 ⋅ Pr 1/3 for Re ≤ 5 ⋅ 10 5 ,
Nu = (0.037 ⋅ Re 0.8 − 872) ⋅ Pr 1/3 for others, (7) where Re is the Reynolds number:
where ∞ is the relative velocity between the tanker and the environment and is the length of the vehicle. In this particular case, it can be observed that, after the tractor cabin, the flow become into a turbulent one, so (7) is going to be used in this methodology.
Radiation.
It is an energy transmission phenomenon that occurs because a material has a temperature and emits electromagnetic waves. As the light, the emitted heat can be reflected, refracted, and absorbed. In this case there are some different elements that emit radiation: the environment, the sun, the different parts of the tanker, and so forth.
The radiation can be defined using the Steffan-Bolzman equation [6] :
where is the emissivity coefficient and is the Stefan-Boltzmann one (5.67 ⋅ 10 8 W/m 2 K 4 ). In this case, the radiation for the exterior part of the tanker can be obtained doing an energy balance ( Figure 1 ).
Incident Radiation
(i) Solar incident radiation ( ): depending of some aspects such as the climatology and the geographic situation, varying between 0 and 1000 W/m 2 .
(ii) Environmental radiation ( ): due to the effect of the environmental gases. The value of the environmental emissivity ( ) can be obtained using the Verdal and Fromberg equations [6] :
,day = 0.741 + 0.0063
,night = 0.727 + 0.0060
where = + log( ), and is the dew temperature and is the relative humidity.
Emitted Radiation.
It is due to the reflected radiation ( ), where is the absorption coefficient of the exterior part of the tanker, ≈ is the emission coefficient, and is the solar absorption coefficient of the exterior of the tanker, and depends on the material, color, and exterior temperature. 
Additionally the solar radiation ( ) occurs only in a specific zone of the tanker and so, for the axisymmetric and for the theoretical case, it must be modified using
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The Thermic Insulation
There are two different insulation configurations.
Perlite Insulation.
Perlite is the name of a natural silicate that has a 65-75% of SiO 2 , a 10-20% of Al 2 O 3 , and a 2-5% of water. To be used industrially, it must be subjected to an expansion process, where it is heated until 1000 ∘ C; in this process, water evaporates, the material internal structure is modified and perlite increases 20 times its volume, becoming into expanded perlite. The main advantages are that it is a natural material, it has not toxic emissions, it is chemically neutral (pH 7), it is fire resistant, and it is the cheapest industrial insulation.
Perlite thermal properties depend on its density and its grain size. For cryogenic applications the common density is between 128 and 152 Kg/m 3 (see Figure 2 ).
Usually cryogenic tankers use expanded perlite inside and with a high degree of vacuum (until 100 Hg mm) it is obtained a low conductivity. Thus, the radiation flux between the interior and the exterior parts of the tanker disappears.
The use of vacuum with this material implies a decrease of the density and the conductivity. For cryogenic tankers, a common value of the density is 4 Kg/m 3 and, as a result of this, conductivity is 22 times lower than the value corresponding to the material with density 139 Kg/m 3 .
The main disadvantage of perlite usually tends to compact in the bottom zone of the tanker, producing as a result a nonuniform insulation.
Insulation
Using "Superinsulation". This insulation method is based on the Dewar balloon. In cryogenic tankers, a vacuum is created inside the tanker using a pump; in this way the convection flux is avoided, but not the radiation flux. In a cryogenic tanker, there is usually a material called "multilayer insulation" (MLI) to reduce the radiation. This material is made of some small layers and acts like a radiation shield. These layers must be separated between themselves to avoid the conduction, so usually there are some nylon and polystyrene inner layers.
Usually, 60 layers per inch multilayers are used [7] , but the radiation insulation depends not only on the thickness of the multilayer but also on the vacuum grade. Figure 3 shows the equivalent conductivity for this insulation system [8] .
The main disadvantages of the multilayer insulation appear because it is difficult to use it at complex geometries, and it is sensitive to the mechanical compression effects and must be manufactured carefully. Aerogel beads, C134 Perlite powder, K108
Opacified beads, K117 MLI (60 layers), C123 For the application of this insulation system in cryogenic tankers, a composite combination of multilayer (5 mm/layer) and rock wool (20 mm/layer) [7] is made. Usually a five-layer configuration (see Figure 4 ) is used.
This composite configuration is used because the multilayer material is quite expensive, and in this way the final cost is reduced.
Nowadays there are two different configurations, depending on the zone of the tanker where it is fixed: in the exterior or in the interior part. These configurations imply that exist a free zone between the end of the insulation and the other part of the tanker and so appears some radiation phenomena that must be taken into account. There appear some reflection and absorption effects, as can be seen in Figure 5 .
By means of an energy balance, the heat flux is obtained:
Thermal Load Cases
In the thermal analysis of the tanker, depending on the boundaries considered, different load cases can be analysed.
The boundaries to study are as follos. (i) Relative air velocity: it is due to the movement of the vehicle and the movement of the air and can appear superposed, so then the equivalent velocity is the addition of both. It has been considered a velocity for the vehicle and for the wind between 0 and 100 Km/h [9] . As a result of this three different velocities will be studied: 0, 100, and 200 Km/h.
(ii) Exterior temperature: there have been studied four different temperatures: −10, 0, 20, and 50 ∘ C.
(iii) Radiation ( ): there have been studied three different solar radiation cases: without sun (0 W/m 2 ), average radiation (500 W/m 2 ), and extreme radiation (1000 W/m 2 ) [10] .
All in all there are thirty-six different load cases for each insulation configuration; there are two extreme load cases:
(i) maximum energy profit: 200 Km/h air velocity, = 1000 W/m 2 K, and 50 ∘ C air temperature (ii) minimum energy profit: 0 Km/h air velocity, = 0 W/m 2 K, and −10 ∘ C air temperature.
Analytical Calculation of the Insulation
The thermal analytical calculus is governed by the following differential equation:
If the stationary state is analyzed and there is not heat generation inside the tanker, the equation becomes into this one:
This equation has analytical solutions for simple geometries [10] : cylinders, spheres, shells,. . . but not for this particular case, so it cannot be solved exactly. Due to this fact, an approximated analytical calculus must be made, and the tanker must be considered as a complex geometry comprising two cylinders, one inside the other, and four spherical caps.
In this calculus, there have been taken into account the insulation and the steel parts of the different joint zones.
Analytical Calculation with Perlite.
In this case the tanker can be approximated with the equivalent electric circuit ( Figure 6 ).
After the definition of the equivalent circuit, the different variables involved must be obtained.
Exterior part/ multilayer
Interior part/multilayer Figure 5 : Radiation balance between the multilayer and the corresponding part. (i) is the power due to the radiation emissions. It can be obtained using this equation that is obtained doing the energy balance of the Figure 5 :
where rad,abs is obtained from (13). (ii) conv is the thermal resistance due to the air convention, and their equation is
where ℎ conv is obtained using (4), (6) and (7) . (iii) cond,esp is the thermal resistance due to the conduction in the spherical zones and is defined in the following equation:
where perlite depends on the temperature, so for this case the conductivity will be used at the average temperature:
(iv) cond,cyl is the thermal resistance for the cylindrical zone and is obtained using this equation:
(v) cond,uni is the thermal resistance in the support zones and can be approximated with this equation:
In this case the supports are simplified as sheets with a length l and an average transversal area. steel [7] will be obtained in the same way as perlite. Now, the thermal circuit can be solved for the perlite in each load case. There is a problem because the radiation depends on the temperature of the exterior part of the tanker (12) , so there is a fourth-order equation. It has been used MATLAB to solve the equations system using the Newton method. Table 2 shows the obtained results.
Calculation of the Superinsulation System.
Two different insulation configurations have been analyzed, as showed in Figure 7 .
Calculation of the Insulation Using Superinsulation in the
Exterior. This is the configuration where the superinsulation is located between the parts of the tanker and joined only to the exterior part. It can be approximated with the equivalent circuit ( Figure 8 ).
After establishing the equivalent circuit, the diverse variables involved must be defined. Some of them were defined for the perlite equivalent circuit.
(i) 1 is the thermal power due to the diverse radiation emissions and can be obtained using (17).
(ii) cond,esp is the thermal resistance due to the conduction in the diverse spherical zones, and it is obtained 6 Advances in Mechanical Engineering as the addition of the resistance at each layer (see Figure 8 and (22)):
where mat is the conductivity for each material at an average temperature.
(iii) cond,cyl is the thermal resistance due to the conduction in the diverse cylindrical zones, and it is obtained as the addition of the resistance at each layer as follows (see equivalent circuit of Figure 9 ):
(iv) 2 and 3 are the heat fluxes due to the radiation inside the tanker, for the spherical and for the cylindrical 
R cond,si3 zone. They can be obtained using (14), and these final equations are obtained as follows:
Now, the equivalent circuit can be solved as in the perlite case. Table 5 shows the obtained results.
Interior. This is the configuration with the superinsulation located between the parts of the tanker and joined only to the interior part. It can be approximated with the equivalent circuit ( Figure 10 ). In this case, equations are similar to that obtained for the perlite and for the other superinsulation configuration; only 2 and 3 change as well as the mat value as follows: 
Now, the equivalent circuit can be solved as in the previous configurations. Table 6 shows the obtained results.
Insulation with Superinsulation and Perlite.
A mixed insulation using superinsulation and perlite has a great disadvantage, which is the vacuum level needed. Although the required vacuum level is similar to the superinsulation vacuum level, this value is not compatible with perlite. If we analyse Tables 3 and 4 , it can be observed that with a 0.03 torr vacuum level, the superinsulation has a behaviour similar to the perlite's behaviour, so a mixed isolation has no sense because it has the same behaviour as perlite, but it is more expensive. Figure 10 shows the equivalent electric circuit.
Conclusions.
After analysing the obtained results, it can be observed that the best configuration is the configuration with perlite, although the configuration with superinsulation in the exterior part also shows a good behavior. Analysing both in depth, it can be concluded that the perlite configuration has on average 2.2% better insulation capabilities, and that the maximum is 6.65% better if all load case for superinsulation in the exterior and perlite configurations are compared.
Concerning the configuration with superinsulation in the interior part, it can be observed that it is on average 65.8% worse and a maximum 85.7% worse. After analysing (14), it is observed that this behaviour is due to the fact that the radiation level depends on the temperature. Then, the configuration with the insulation in the exterior has lower temperature values than the configuration with the insulation in the interior (in this case the temperature is similar to the environmental temperature). In (14) the exterior temperature will govern the equations, whereas the interior temperature effect (between the radiation parts) is insignificant. In the radiation equations, temperature has a fourth-order, which implies a high heat absorption/emission difference. Figure 10 : Equivalent circuit for the vacuum and superinsulation joined to the interior.
Numerical Simulation
Finite-elements method allows solving different kind of problems without an analytical solution; in this case it allows obtaining the real behaviour at any point of the tanker. On the one hand, this was a problem for an analytical solution. On the other hand, it does not require to simplify the problem (like in the analytical method), so results will be more similar to the real behaviour. For this case, an axisymmetric model has been used because it allows to simplify the model and reduces the numerical requirements and the complexity of the mesh. Although this implies that exists an axis symmetry, which do not exist because the radiation load is not symmetric, load can be redistributed in all the exterior part to simplify the problem. A 3D model can be used to obtain the results with a higher accuracy level.
The main advantages of using an axisymmetric model instead of an analytical model are as follows. (iv) The caps has their real geometry and not an approximated spherical geometry.
(v) The radiation can be obtained exactly, taking into account the real shape of the involved geometries, the supports, and so forth. Figure 11 shows the FE mesh used for each insulation model.
The main aspect to make a good FEM simulation of a real problem is the correct establishment of the boundary conditions and the behaviour of the material; in this case diverse heat phenomena must be considered: convection, radiation, and conduction.
For this problem the software ABAQUS 6.10.2 has been used.
Conduction.
Conduction is not difficult to simulate using numerical tools. It has been included the material with its properties dependent on the temperature (conductivity, specific heat).
Convection. Numerical programs like ABAQUS allow
to simulate the convection phenomenon; in this case the parameter required is the convection coefficient (ℎ ), which must be obtained using convection equations. It can also be introduced depending on the temperature, using curves and fields.
Radiation.
It is a quite difficult to simulate the radiation phenomenon with numerical tools; in this case there are four different types of radiation: solar radiation, environmental radiation, the radiation of the exterior part to the environment, and the radiation inside the tanker in the superinsulation configuration. Solar and environmental radiation can be simulated as a heat flux using (11) and (12) . Radiation of the exterior part to the environment can be simulated like a heat flux dependent on the temperature of the external part at each point, using the ABAQUS command RADIATE; this command uses the emissivity of steel, and radiation can be obtained depending on the temperature at each point, instead of using an average value like in the analytical model.
The most difficult radiation type to simulate is the interior radiation. It has been also simulated using the command RADIATE at each point of the diverse surfaces, but considering that the real geometry and each cavity could absorb and reflect it. Therefore it has been simulated each cavity (10: 2 cylinders, 4 caps, and 4 supports), and the ray theory has been used. The Steffan-Boltzman theory has been applied to analyse the radiation between these cavities. Equation (26) defines this radiation [6] :
where is the area of each face in each element of the cavity, , are the emissivity of the face or of the face , is the shape factors matrix of the face , is the reflection matrix between the face and the , , are the temperature ( ∘ K) of the face or j, and is the zero temperature. The shape factors matrix is automatically obtained with the numerical software, but it is necessary to define the block grade; in this case a partial grade has been used because it allows the reflection between surfaces. By this way the software is able to obtain the successive radiations and absorptions.
Boundaries.
There is only one boundary condition to apply to the numerical model which is the temperature of the liquid contained. For this case the liquid temperature is −193 ∘ C, and this value has been applied to the inner face of the interior part of the tanker. 6.6. Conclusions. After analysing the results (see Table 7 ), it can be observed that whereas the best insulation results are obtained for the perlite configuration, the configuration with superinsulation in the interior provides the worst.
Analysing the temperatures, it can be observed that temperatures in the steel parts of the tanker do not show important variations and that the effect of convection has not a high influence on results.
It can be observed that numerical results have lower heat flux values (due to the fact of the blocking of the radiation, to the effects of temperature on the material properties, and to the simulation of the real geometry of the caps) and therefore show better performance than analytical results (see Table 7 ).
The maximum error between the numerical and the analytical results is 23.9%, and the average error is 7.8%. A higher heat flux for the analytical method implies that the analytical method can be used with a high accuracy level.
It can be observed that there is a high heat flux through the supports, because they are made of steel, which has a high thermal conductivity, so to reduce these heat losses, a heat bridge should be used.
Exterior Finish Thermal Behaviour
The influence of the exterior finish of the tanker on the heat fluxes and on the exterior temperature has been analysed for each load case in the perlite insulation configuration. Figure 13 shows the approximated absorption and emission factor values (emissivity or absorptivity/10).
Using (11) , it can be observed that the best behaviour will be achieved with a high emissivity and a low absorptivity. Those materials showing this behaviour are called selective cooling materials, and they present high energy emission and reflection capabilities. Some of these materials used for tankers are white paint, white lacquered, and white galvanized steel. Analyzing Table 7 , the desirable properties are indicated in bold letters. With these values, the results of Table 6 are obtained. Analyzing the results, we can see that, without solar radiation, the best surface finish is the black paint, because it has the highest emissivity coefficient, and in this case the heat emission is higher than the absorption.
On the other hand, with solar emissions the incident solar radiation is the main heat source, so in this case it will better the surface finish with the best absorptivity and the lower emissivity. Figure 13 : Reflection and emission factor for some different surface finish [12] .
Maximum Transport Time for Tanker
To obtain the maximum time to transport the liquid, the first step is to understand the process that takes place inside the tanker. Inside the interior part of the tanker there is a fluid that using cold temperatures and pressure has been changed from a gas state into a liquid + gas state. The quantity of liquid depends on the filling level and is lower than the 100%, because it must be a gas inside the tanker to make a pressure, so there must be a gas-liquid equilibrium. A common filling level is 98%. There must not exist another gas inside the tanker, because it would mix with the liquid to transport, and the degree of purity of this liquid would be modified, so other gases are removed during the filling operation.
So, in order to make the calculation, the Clausius-Clapeyron diagrams of these gases are needed to obtain the initial and final filling levels, pressures, temperatures, and so forth.
These graphics also show the process that takes place inside the tanker; this is a constant volume heating.
Then the liquid tends to head, the gas amount increases due to the liquid evaporation, and this increases the internal pressure; internal pressures and temperatures are directly involved.
To obtain the heat flux, it is necessary to carry out an energy balance between the initial and the final state. Equation (27) 
where Δ is the maximum time to perform the transport, final is the maximum pressure that could be reached before the safety valve acts, and the gas is evacuated to the environment. Now the problem can be solved, so the time can be obtained.
To obtain the initial filling level, we use the properties of the gas and the saturation pressure for each temperature. With a mass balance, (28) is obtained: 
Now, the filling level can be obtained for any temperature, depending on the filling level at a specific temperature.
The following equation must be fulfilled too:
Therefore, solving (27), (28), and (29), the initial filling level, the mass, temperatures, and initial pressures can be obtained, and by this way, the maximum transport time can be calculated for each insulation configuration. In this particular case, the maximum filling level is 98% with a maximum and minimum pressures of 5.5 and 1 atm, respectively. Using (28), we obtain an initial filling level of 87.3% for nitrogen. Using (27), we obtaiṅ Δ = 1.143 ⋅ 10 9 J.
(30)
If data obtained in Table 8 is used, the maximum transport distance and time can be calculated (see Table 8 ).
Although time values that appears in Table 8 seem too high, they are inside the ranges that builders of this type of vehicles use to have experimentally. This time value indicates the maximum time that you could have the gas inside, before the pressure emergency valve acts; however, the time is usually lower. On the other hand, a high time value indicates that the final temperature of the liquid will be lower and so if this liquid would be stored later in a cryogenic tanker, the energy needed to cool it would be lower.
Analysis of the Frost outside the Tanker
Another phenomenon that has to be considered is the frost that can appear in the exterior part of the tanker. This frost shows a bad visual aspect and therefore should be taken into account during the design stage. This frost appears because the exterior tanker has a temperature lower than the environmental one: if it is lower than the fusion temperature of water (0 ∘ C), frost appears. On the contrary, if it is higher, water condensation usually appears due to the condensation of the air humidity. Equation (31) shows the temperature value, depending on the environmental temperature and the humidity, below which the condensation appears. This temperature is called dew temperature [6] . Then, if the temperature at any point of the external surface of the tanker is lower than the dew temperature, condensation will appear, and if it is lower than 0 ∘ C, it will appear frost. These phenomena usually appear in the coldest temperature zones which are the support zones of the tanker, because there is a high conductivity, and therefore show a lower temperature.
Conclusions
The main conclusions that are obtained from this thermal analysis are, on the one hand, that the analytical approximation can solve the problem with a good accuracy level and with this method different insulation and vacuum levels can be compared. Moreover, analytical results are obtained quickly and without using numerical tools (which would
